Super-hydrophobic surfaces are attractive due to self-cleaning and anti-corrosive behaviors in harsh environments. Laser texturing offers a facile method to produce super-hydrophobic surfaces. However, the results indicated that the fresh laser ablated surface was generally super-hydrophilic and then gradually reached super-hydrophobic state when exposed to ambient air for certain time. Investigating wettability changing mechanism could contribute to reducing wettability transition period and improving industrial productivity. To solve this problem, we have studied the bare aluminum surface, fresh laser ablated super-hydrophilic surface, 15-day air exposed surface, and the aged super-hydrophobic surface by time-dependent water contact angle (WCA) and rolling angle (RA), scanning electron microscopy (SEM), 3D profile and X-ray photoelectron spectroscopy (XPS). The origins of super-hydrophilicity of the fresh laser ablated surface are identified as (1) the formation of hierarchical rough structures and (2) the surface chemical modifications (the decrease of nonpolar carbon, the formation of hydrophilic alumina and residual unsaturated atoms). The chemisorbed nonpolar airborne hydrocarbons from air moisture contributed to the gradual super-hydrophobic transition, which can be proved by the thermal annealing experiment. Particularly, to clearly explore the wettability transition mechanism, we extensively discussed why the laser-induced freshly outer layer was super-hydrophilic and how the airborne hydrocarbons were chemisorbed. This work not only provides useful insights into the formation mechanism of laser ablated super-hydrophobic surfaces, but also further guides industry to effectively modify surface chemistry to reduce wettability transition period and rapidly produce stable and durable super-hydrophobic surfaces.
Introduction
Super-hydrophobic surfaces have promising prospects in the areas including selfcleaning [1] , drag reduction [2] , anti-corrosion [3] and enhanced heat transfer [4] . When a droplet beads up with water contact angle (WCA) over 150°, the solid surface is defined as super-hydrophobic with the lotus effect (i.e., rolling angle (RA) less than 10°) or the pinning effect (i.e., no RA or RA greater than 10°) [5] . Many approaches have been developed for the fabrication of super-hydrophobic surfaces, such as thermal embossing [6] , sol-gel [7] , chemical etching [8] , electrodeposition [9] and chemical vapor deposition [10] . However, these techniques are limited due to their complicated processes, high cost and poor mechanical properties of the surface structures.
Recently, laser surface texturing is regarded as one of the simple and effective approaches to directly acquire super-hydrophobic surfaces on a wide variety of material surfaces. It can provide a precise control to fabricate stable 3D hierarchical structures which are essential to prolong surface durability [11] . However, many previous studies have reported that just after laser ablation, the fresh ablated metal surface was hydrophilic or super-hydrophilic with the presence of micro/nanostructures. When the laser ablated surface was exposed to the ambient air for a relatively long time, the wettability transition from super-hydrophilic to super-hydrophobic could be observed [12] [13] [14] [15] [16] [17] [18] [19] [20] . Recent research efforts have been directed towards the explanation of the wettability transition mechanism. For example, Kietzig et al. [21] suggested the decomposition of CO2 into carbon with active magnetite created in the laser irradiation process as the potential reason for the wettability transition from hydrophilicity to hydrophobicity. Long et al. [22] experimentally verified that a rich CO2 condition could restrain the wettability transition to super-hydrophobic state. Ta et al. [23] reported that the wettability change of laser ablated copper surface was due to the partial deoxidation of outer layer of hydrophilic CuO into hydrophobic Cu2O. However, Boinovich et al. [24] commented Ta's work and revealed that the actual reason for super-hydrophobicity was adsorption of airborne hydrocarbon contaminations on laser ablated copper surface.
Obviously, no reasonable mechanism is well-accepted to explain the wettability change of laser ablated surfaces under ambient air exposure. Moreover, in terms of immediate super-hydrophilicity on the fresh laser ablated surfaces, previous research only proposed one factor that laser-induced micro/nanostructures should account for the super-hydrophilicity according to Wenzel theory, while only a few studies explained this phenomenon in respect of surface chemistry analysis. Even though Long et al. [25] mentioned this aspect and proposed this super-hydrophilicity was related with the outer layer of hydrophilic oxide, they did not explain how the oxide layer was formed and why the laser-induced oxide layer was super-hydrophilic. It is therefore required to systematically investigate the whole mechanism of wettability transition on the laser ablated surfaces.
In this paper, the wettability transition mechanism was systematically investigated by analyzing surface morphology and surface chemical compositions of the following four samples: the bare aluminum surface (Al-I), fresh laser ablated super-hydrophilic surface (Al-II), 15-day air exposed hydrophobic surface (Al-III) and aged superhydrophobic surface (Al-IV). It is noted that the Al-II surface was super-hydrophilic and then gradually reached super-hydrophobic when exposed to ambient air for 30 days.
It can be concluded that based on the Wenzel [26] and Cassie-Baxter theory [27] , the laser-induced rough hierarchical structures had an amplification effect on both fresh super-hydrophilicity and aged super-hydrophobicity. In terms of surface chemistry analysis, the immediate super-hydrophilicity was attributed to the decrease of surface nonpolarity (relative carbon content and hydrocarbon concentration) and the increase of surface polarity (formation of hydrophilic alumina and residual unsaturated atoms).
The super-hydrophobicity of Al-IV surface was related with the organic matters absorbed from air moisture. The mechanism of wettability transition was extensively discussed in Section 3.4. The thermal annealing experiment was performed to further validate the established theory and analyses. Surface stability is very significant for the practical applications of the super-hydrophobic surfaces. Therefore, in this study, the surface stability of laser ablated super-hydrophobic surfaces that were stored in ambient air was also discussed.
Experimental

Material
The experiment was performed on 1060 aluminum substrates (high-purity 99.6%) with the size of 20 mm × 20 mm × 1 mm. The acetone and ethanol (AR, >99%) were purchased from Beijing Chemical Works. The distilled water was provided by a UCP-III water purification system. All chemicals were used as received without further purification. Before laser ablation, the samples were mechanically polished to obtain surface roughness under 1 μm, then ultrasonically washed with acetone, ethanol and deionized water in sequence to remove surface contaminants. The rinsed samples were dried by compressed nitrogen. The polished samples were ablated by a nanosecond Ytterbium fiber laser source (IPG photonics from Germany) with a wavelength of 1064 nm, output power of 10 W, pulse duration of 50 ns and repetition rate up to 20 kHz. A scanning head with a focusing lens was applied for the delivery of focused laser beam. Fig. 1 demonstrates the components of laser processing system. The samples fixed on the working platform were ablated by the moving laser beams, first along the x (0°) and then along the y (90°) directions (dashed lines in Fig. 1 ). The spacing (S) between adjacent laser scanning lines was 60 μm in the two perpendicular directions, which resulted in micro-grooves on the laser ablated surface. The experiments were performed using the ablation parameters as shown in Table 1 .
2.2.Laser processing
2.3.Measurement and characterization
The effect of laser ablation on surface morphology was studied by means of SEM (FEI, Quanta 250 FEG). 3D image and cross-sectional profile were obtained using stylus profilers (Bruker, Dektak). The wetting property was examined by static contact angle using a goniometer (AST, VCA optima). A droplet with volume of 8 μL distilled water was dispensed on laser ablated samples. Here, the contact angles were recorded everyday by measuring different samples, treated by the same laser parameters but exposed to ambient air (temperature = 25°C, humidity = 50%) for different periods. In order to explore the wettability transition mechanism, surface chemical compositions of the bare Al-I, fresh Al-II, 15-day exposed Al-III and aged Al-IV and annealed surfaces were evaluated by XPS (Thermo Fisher Scientific, Escalab 250Xi). The XPS data was analyzed in CasaXPS software.
Results and discussion
Analysis of surface microstructures
Surface morphology was significantly changed after laser ablation. Based on the laser parameters displayed in Table 1 , the number of laser pulses per spot and overlapping factor (OF) could be calculated. As illustrated in Fig. 1 , pulse distance d = V/f with V as the scanning speed and f the repetition rate, so the pulses number per spot was 2. The accumulated overlapped factor (OF) of 39.09% can be obtained by Eq. (1)
[28]: The enlarged SEM image shows the inside wall and the brim of μ-grooves were randomly deposited with many irregular particles (Fig. 2b) . The line-by-line laser scanning with spacing of 60 μm was applied along the two perpendicular directions, which resulted in the formation of periodic protrusions since the spacing value was almost the same with the width of laser ablated grooves. It can be seen from Fig. 2c that many irregular particles with size of nanometers to micrometers were decorated on each protrusion, therefore the hierarchical rough structure was formed after nanosecond laser ablation. The generation of micro/nano-scaled dual structure could be attributed to laser irradiation that caused an increase temperature on the aluminum surface due to the absorbed laser energy. When the center of the pulsed area was melted and vaporized, the groove was created, and numerous randomized micro/nanoparticles on the protrusions were formed because of the accumulation of ejected materials. Thus, the μgrooves combined with particles and periodic protrusions generated the hierarchical surface structures, whereby large air pockets were trapped, reducing the contact area between the actual surface and the liquid droplet. 
3.2.Wettability evolution
Where r >1 is surface roughness parameter, θf and θw represent WCAs for the flat and rough surfaces, respectively. Eq. (2) reveals that with the enhancement of surface roughness, a hydrophilic surface will become more hydrophilic and a hydrophobic surface will become more hydrophobic. Therefore, at early stage of WCA evolution, the fresh Al-II surface exhibited a very small contact angle due to the increment of roughness. Another possible reason for the observed super-hydrophilicity might be the change of surface chemical compositions before/after laser ablation. This aspect is usually ignored in previous studies and will be elaborately introduced in the next section.
Observing contact angle curve in Fig. 4 , it is noted that when the laser ablated surface was exposed to air, its surface hydrophilicity decreased due to the increase of WCA over time. Between Day 4 and Day 15, the WCA witnessed a sharp increase from 10.5º to 130.2º. It is noted that fresh Al-III surface reached hydrophobic behavior.
However, although the WCA value was significantly increased and the contact area between the sample surface and water droplet was reduced, there was still no RA because the water droplet was still firmly stuck onto the laser ablated surfaces, even if the samples were positioned vertically (as shown in Table 2 ) [29] . With the extension of air exposure time, the WCA of 143.2 ± 2.5º and RA of 80.5 ± 9.0º were obtained when the as-prepared surface was exposed to ambient air for 25 days. Over a period of 30 days, the WCA gradually increased to a relatively stable state with WCA of 153.3 ± 2.5º and RA of 5.5 ± 1.5º, which can be characterized as a typical super-hydrophobic surface. Thus, we can conclude that after laser ablation, the fresh laser-induced surface showed super-hydrophilic property, then gradually turned to super-hydrophobic state when exposed to ambient air for one month. In order to probe the time-dependence of surface wettability before and after laser treatment, surface chemistry was examined by XPS. Fig. 5 displays the XPS spectra of the bare Al-I surface, fresh Al-II surface, 15-day air exposed Al-III surface and aged Al-IV surface, and their corresponding surface chemical composition analyses are presented in Table 3 . By observing the exhibited results one can confirm that three main elements C, O and Al constitute these surfaces, and the C 1s peak, O 1s peak and Al 2p peak were around 285.0, 532.2 and 75.5 eV, respectively. The influences of other elements were not considered due to very low content. We therefore only plot the binding energy from 0 to 600 V in the XPS spectra so as to clearly show the variation of carbon content. By analyzing the peaks of binding energies, it can be deduced that aluminum was mainly present in the form of alumina, and the detected carbon was related with the adsorption of hydrocarbon organic matters from ambient air. It is common that as an active metal, rapid passivation will occur on the pure aluminum surface. Therefore, the bare non-treated Al-I surface was covered with a thin film of aluminum oxide, which could be confirmed by the Al 2p3/2 peak at 75.6 eV and It has been reported that such adsorbed organic matters on aluminum oxide would result in more detected carbon and less aluminum because of short depth of XPS analysis (approximately 7 nm for C 1s photoelectrons and 8 nm for Al 2p photoelectrons) [28] . However, immediately after laser ablation, the carbon content and C/Al ratio showed a noticeable decline on the fresh super-hydrophilic Al-II surface, which could be ascribed to the destruction of initial absorbed organic molecules by the laser beam incidence. Meanwhile, as shown in Table 3 , the oxygen content and O/Al ratio increased on the Al-II surface, indicating that the aluminum surface was oxidized because of the effect of laser ablation. Once the grooves were created during the laser processing, more internal pure aluminum was exposed to the ambient air and the fast passivation resulted in the generation of an outer layer of alumina (Al2O3). Therefore, oxidation effect could be another dominated cause for wettability change from bare hydrophobicity to fresh super-hydrophilicity, apart from the modification of surface morphology by laser ablation,
3.3.Analysis of surface chemistry
When the laser ablated surface was exposed to ambient air beyond 15 days, the Al-III surface showed a significant increase in carbon content as well as C/Al ratio on the formed hierarchical rough structures. It can be deduced that the main reason for time-dependence of WCAs might be related with the change of surface chemical compositions since there was no change for the surface morphology during the ageing process under the ambient air. We conjecture that the obvious increase of carbon content was probably due to the adsorption of organic matters from the ambient air. It can be further verified that after the laser ablated surface was stored in ambient air for 30 days, as shown in Fig. 5 and Table 3 , XPS results imply that the carbon content and the C/Al ratio on aged super-hydrophobic Al-IV surface sustainably increased to 30.03% and 1.28, respectively. Interestingly, it is noted that the trends of carbon content and C/Al ratio among these surfaces coincided well with their corresponding WCAs: the surface with high WCA always had a relatively large C/Al value. The authors believe that the increase of carbon during the ageing process resulted from the absorption of airborne hydrocarbon contaminants onto the surface of aluminum oxide.
In order to further investigate surface polarity of the four surfaces and verify the proposed assumption, the high resolution of C 1s spectra were carried out in the could account for its super-hydrophobicity. The accumulation of carbon content and nonpolar group indicated that some organic matters in air moisture were absorbed on the laser ablated surface during the ageing process. Various organic matters in air moisture have short chain organic molecules that are nonpolar, such as formic and acetic acid [30] . Due to the carboxylation effect, these nonpolar chains will be chemisorbed onto the laser ablated surface and gradually lower the surface free energy.
Thus, the wettability transition during the ageing process was attributed to the depolarization effect, which will be discussed in detail later. 
Mechanism of wettability transition
Surface polarity (i.e., total surface free energy) definitely determines surface wetting property: the increased surface polarity generally results in higher hydrophilicity [31] . Laser ablation resulted in the formation of grooves, and more internal pure aluminum atoms were exposed to the ambient air then quickly became alumina due to the rapid passivation. Additionally, laser irradiation could generate many atoms in the form of Al 3+ and O 2that gradually organized on a lattice to create alumina [28] . This alumina was hydrophilic because it had large numbers of polar sites originating from unsaturated aluminum and oxygen atoms that acted as strong Lewis acid and base pairs, respectively [32] . The state of molecules/atoms on the fresh Al-II surface can be displayed in Fig. 8 . These aluminum atoms were electron-deficient with only six electrons in their sp 2 -hybrid orbitals. Therefore, these atoms should generate a hydrogen bond with water molecules to gain a full octet of electrons, resulting in the hydrophilic hydration structure [33] . It is also reported that a considerable number of unsaturated Al 3+ and O 2were not immediately paired, leading to dramatical growth of surface polarity [32] . Hence, immediately posterior to laser processing, it can be concluded that the fresh laser ablated surface was highly non-equilibrium, contained many surface defects and thus presented very high surface polarity, which caused the When the laser ablated surface was exposed to ambient air, the wettability transition from super-hydrophilic to super-hydrophobic was related with the absorbed organic compounds [11, 22, 34] . During the transition process, surface hydroxylation plays an important role. This is because Lewis acid and base pairs were rapidly hydroxylated when they reacted with OHand H + dissociated from interfacial water vapor molecules, resulting in a weakness of Lewis acid-base sites and reducing the total surface free energy of alumina. But surface hydroxylation cannot explain the gradual change of WCAs since hydroxylation process is very fast. Additionally, the hydroxides show very high adhesion to water molecules, and thus hydroxylation should not be the direct reason for super-hydrophobicity. However, the organic matters such as carboxylates can be chemisorbed onto the laser ablated surfaces by the interaction with hydroxyls formed in the hydroxylation process. The schematic illustration of chemisorption mechanism is clearly presented in Fig. 9 , and the corresponding chemical reaction can be explained by the following Eq. (3). Once the carboxylates in air moisture such as formic and acetic acid were absorbed, their nonpolar chain R containing C-C(H) groups were attached onto the outer layer of the surface, lowering the total surface free energy [30] . This depolarization process is slow and therefore can account for the gradual transition from super-hydrophilicity to super-hydrophobicity. To further verify this assumption, the concentration of O-C=O Apart from surface polarity, the rough hierarchical structures induced by laser ablation is another reason for the wettability changes. As discussed above, just after laser ablation, the fresh Al-II surface was modified with a rough layer of hydrophilic alumina. When a water droplet was dispensed on this rough surface, the liquid quickly penetrated into the grooves. Finally, the water droplet was completely spread on the fresh Al-II surface which could be modeled by Wenzel state in this case. The Wenzel state reveals that the contact angle will decrease with the increasing of surface roughness for an intrinsic hydrophilic surface, whereas the contact angle will become larger when the surface roughness of a hydrophobic surface increases. Therefore, the created rough hierarchical structures on hydrophilic aluminum surface amplified the effect of hydrophilicity, resulting in a super-hydrophilic property just after laser ablation. After being exposed to ambient air for almost one month, the laser ablated surface became super-hydrophobic due to the chemisorbed nonpolar organic chains from air moisture. The dispensed water droplet could not fill the grooves due to the generation of a solid-air composite interface, and thus this surface can be modeled by Cassie-Baxter state. In this case the rough structures had an amplification influence on hydrophobicity and therefore the aged surface gradually turned to super-hydrophobic.
Thermal annealing experiment
Many studies have reported that thermal annealing can partially remove the adsorbed organic contaminants [36] [37] . In order to further verify the effect of adsorbed organic matters on surface wettability, the aged super-hydrophobic Al-IV surface was annealed in Ar at 350 °C for 2h. We found that no obvious change of surface morphology was observed on the annealed sample, but its WCA suddenly decreased to 11.9 ± 3.5º with no existing of RA value. When it is exposed to ambient air again, the annealed surface exhibited a rapid growth of WCA, with similar behavior for the asprepared surface. XPS results imply that the relative carbon content (C/Al) on the annealed surface was dramatically decreased to 0.96 compared to 1.28 on the aged super-hydrophobic surface (as displayed in Fig. 11a ), indicating that the absorbed organic compounds were partially removed after annealing process. Furthermore, it is noted from Fig. 11b that the annealed surface was dominated by the polar functional groups because the C-C(H) concentration was reduced to 39.78%. Therefore, the thermal annealing experiment could verify that the gradual increase of WCA was attributed to the absorbed organic matters from air moisture. Additionally, annealing experiment demonstrated that the relative carbon content value (C/Al) and C-C(H) concentration could be the indicator for surface polarity: the higher C/Al value and C-C(H) concentration would lead to more hydrophobic surface. 
Surface stability
Surface stability is an important factor to determine whether the fabricated superhydrophobic surfaces are suitable for industrial multifunctional applications. Therefore, the stability of the as-prepared super-hydrophobic is also discussed in this work. The results demonstrate that the laser ablated aluminum surface will require around one month to reach super-hydrophobic state, exhibiting a WCA of 153.3 ± 2.5º and RA of 5.5 ± 1.5º. Then if this typical super-hydrophobic surface was continually exposed to the ambient air for four months, the surface could maintain its super-hydrophobic property. It can be noted that the laser ablated surface still presented a high WCA of 152.8° ± 2.5º with a small RA of 6.5 ± 2.0º (as shown in Fig. 12 ), which indicates that the laser ablated super-hydrophobic surfaces showed excellent surface stability regarding distilled water (PH = 7) when they were stored in the ambient air. However, the thermal annealing experiment proved that this laser-induced super-hydrophobic would turn to hydrophilic, implying that the thermal stability of this kind of superhydrophobic surface was relatively weak because it cannot bear high temperature. This present study mainly focused on the investigation of wettability transition mechanism, and it conclusion is that the gradual wettability transition from superhydrophilic to super-hydrophobic was attributed to the spontaneous adsorption of organic matters onto the laser ablated rough surfaces. However, the physically adsorbed organic matters will hardly be well ordered, and this kind of super-hydrophobic surface may be very sensitive to other liquid media, such as the aqueous media with different PH or salinity [24] . Therefore, such super-hydrophobic layer can easily be removed because of the interaction liquid media, causing the instability and uncontrolled loss of super-hydrophobicity. This will lead to failure of such surfaces in industry, specifically the outdoor applications. Future investigations on the thermal stability, mechanical stability and chemical stability of the laser ablated super-hydrophobic surfaces will be performed.
Conclusions
In this study, a rough surface with micro/nanostructures was simply formed on the aluminum substrate by one-step nanosecond laser ablation. We found that the fresh laser ablated surface was super-hydrophilic, and then gradually reached super-hydrophobic state after exposed to ambient air for one month. The time-dependent wettability (i.e., the wettability transition mechanism) of the laser ablated surface was systematically investigated by analyzing the changes of surface morphology and surface chemical compositions before/after laser ablation. The results clearly indicated that the laserinduced hierarchical structures had the amplified effects on the fresh superhydrophilicity and aged hydrophobicity according to the Wenzel and Cassie-Baxter theory, respectively. The analyses of the surface chemistry revealed that the immediate super-hydrophilic transition was attributed to the decrease of nonpolar carbon and the formation of hydrophilic alumina as well as the residual unsaturated atoms. Besides, the gradual super-hydrophilic to super-hydrophobic transition was related with the chemisorbed organic matters from the air moisture, which can be validated by the thermal annealing experiment. Compared to previous literature, we particularly described how the alumina was formed just after laser ablation and why the fresh laser ablated surface was super-hydrophilic in terms of the changes of surface chemical compositions. Moreover, the chemisorption mechanism of the organic matters onto the laser-induced surfaces was also proposed. Surface stability is an important factor for the super-hydrophobic to be used in industrial applications. Therefore, the future work on thermal stability, mechanical stability and chemical stability of such laser ablated super-hydrophobic surfaces will be performed. It is believed that this study can help researchers understand the formation mechanism of laser-induced super-hydrophobic surfaces and can further guide industry to modify surface chemistry to effectively produce durable and stable super-hydrophobic coatings.
